Background and Objectives: Most studies describing childhood obesity in the United States are based on cross-sectional surveys and do not include substantial numbers of American Indians (AI). Secular trends in height and weight reflect general health status. This study describes weight trends and transitions among AI children over a 43-year period.
Introduction
Secular changes in physical growth reflect intergenerational differences in both socioeconomic and environmental conditions within a population group. (1, 2) Trends in growth towards greater heights and weights occurred in most industrialized countries, including the United States (US), from the early nineteenth century until the mid-1960s, after which the secular trends became more variable. In the US, the mean age-and sex-specific heights were unchanged between the National Health Examination Survey (NHES) cycles II (1963 II ( to 1965 and III (1966 III ( to 1970 and the National Health and Nutrition Examination Surveys (NHANES) cycle II (1976) (1977) (1978) (1979) (1980) . While height increases in recent decades have stalled, a disproportionate increase in body weight has led to a rising prevalence of overweight and obesity among children and adolescents in all race and ethnic groups that include, non-Hispanic white, non-Hispanic black, Mexican-American and others. (3) Childhood obesity carries significant risks for cardiovascular and metabolic disorders through adulthood, but the progression of obesity throughout childhood has not been studied in depth in a large population.
Data describing physical growth patterns among American Indian (AI) children and adolescents are particularly sparse, as they are not sufficiently sampled in the NHANES and are grouped into the 'other' race/ethnicity category. (4)The aim of this study is to describe the secular changes in growth parameters including weight, height and body mass index (BMI) over a 40-year period in a population of AI children in the southwestern US. The persistence of overweight and obesity in individuals who develop these conditions at a very young age was also assessed from longitudinal data.
Methods
A longitudinal study of diabetes and related conditions was conducted in an AI community in the southwestern United States over a 43-year study period from 1965 through 2007; all participants, children and adults, were primarily of Pima Indian heritage. (5) Residents of the community who were five years of age or older were invited to participate in biennial research examinations. The research study protocol included detailed medical history, anthropometric measures and biochemical tests. Height and weight were measured by trained research personnel at each visit with subjects dressed in light clothing without shoes. BMI (kg/m 2 ) was calculated from these measurements. In our current study, we included children aged 5-17 years who had a complete set of anthropometric measures available for at least one study visit. This criterion yielded 6529 individual participants available for analysis across four birth cohorts: 1955-1964, 1965-1974, 1975-1984 and 1985-1994. We divided participants into three age categories that correspond to the following developmental stages: pre-adolescence (5-9 years), early adolescence (10-13 years) and late adolescence (14-17 years).(6) Data from the first examination within each age category per individual were analysed, yielding 12 377 observations across the 6529 individuals. A sub-analysis of 1737 children who had one exam in each age category (5211 observations) was performed to examine intra-individual changes in height, weight and BMI. Age-sex-specific z-scores and percentiles were determined using the Centers for Disease Control and Prevention (CDC) growth charts for weight, height and BMI.(7) Weight categories were defined by the following BMI percentiles: normal weight (<85th percentile), overweight (85th to 95th percentile) and obese (≥95th percentile).
The Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases approved the longitudinal study. Written informed consent was obtained from parents at each examination, and assent was obtained from the children.
Statistical analysis
Statistical analyses were conducted using the Statistical Analysis System (SAS 9.3; SAS Institute, Cary, NC). Population-specific percentiles for weight and height were calculated at the 1st, 5th, 50th, 95th and 99th levels. The 1st and 99th percentiles for anthropometric measures have been included in our analysis; however, we acknowledge that estimates of the extreme of centiles are imprecise because of small sample size and non-normal distribution. We examined temporal changes in BMI by plotting frequency distributions of BMI z-scores by age group and birth cohort. BMI z-scores were computed using the computer programme and 2000 CDC growth charts for children between 24 and 239 months of age (cdc.gov/growthcharts/computer_programs. htm accessed October 4, 2016). We used the 'modified z-score' that is similar to the usual z-score method (distance from the mean in standard deviation units). We did not use the unmodified z-score provided by the CDC programme, because it severely compresses the frequency distribution of high z-scores such that very few have values >3. This resulted in a highly and artificially skewed distribution that does not describe the high BMI distribution in this population. Regression coefficients were estimated after weight, height and age were standardized to a mean of 0 and a standard deviation of 1. Model fit for regression analysis of weight as a function of age, sex, height and birth cohort was assessed by examining the 'studentized' residuals, and a test for linear trend was used to assess the effect of the four birth cohorts on weight group tracking. Weight gain per year was calculated in the longitudinal cohort by subtracting the weight in kilogrammes at the earlier exam from the weight in kilogrammes at the later exam, and dividing by the time in years between the two exams.
Incidence rates of obesity were calculated for each birth cohort as the number of new cases per 1000 person-years at risk. The clinical outcome of obesity was defined as a BMI percentile greater than or equal to 95. Person-time was accumulated from the first non-obese examination after age 5 to the first examination at which obesity was observed or to the last examination before age 18, whichever came first. Out of the 6529 individuals included in our study, 3190 had at least two exams between the ages of 5 and 18 and were therefore included in incidence analysis. Incidence rates were standardized by the direct method of age-sex adjustment as previously described (8) using the age-sex distribution of the full study cohort of 12 377 observations as the standard. The Mantel 'extension' chi-square test was used to test the incidence rates for linear trend with birth cohort. (9) To compare obesity trend among the birth cohorts in our AI population with the national trend in childhood obesity, publicly available data corresponding to the same birth cohorts and age range from 6 to 17 years were extracted from multiple national cross (https://www.cdc.gov/nchs/nhanes/ nhanes_questionnaires.htm). (10) The anthropometric data including BMI were combined from these surveys, and restricted to 11 993 children of Caucasian race. Date of birth was available only for subjects in NHANES I and II; an approximate birth cohort was assigned for the rest based on age at exam and the midpoint of the study period.
Results

Differences in BMI across birth cohorts
Anthropometric data from 3584 pre-adolescent, 4742 early adolescent and 4008 late adolescent examinations were analysed. Among pre-adolescent children, the median BMI percentile was 75 (IQR, 53-90) in the 1955-1964 birth cohort, and increased to 86 (IQR, 60-98) in the 1985-1994 cohort ( Table 1) . The magnitude of this cohort effect increased with age; by late adolescence, the median BMI percentile was 87 (IQR, 66-96) for the 1955-1964 birth cohort and 97 (IQR, 85-99) for the 1985-1994 birth cohort. Among late adolescents in the 1985-1994 birth cohort, the IQR of BMI percentile lies entirely above the overweight BMI percentile threshold of 85, as defined by the CDC.
In each age group, the frequency distributions of BMI z-scores widened and shifted to the right, while remaining approximately normal, with increasing birth cohorts (Fig. 1, top panel) . The right shift resulted in much higher prevalence rates of obesity (bottom panel), especially in the 10-13 and 14-17 year age groups. The prevalence of obesity among 5-9 year olds increased from 17 Figure S1 illustrates the age and sex stratified weight and height changes over the four decades by plotting the weight and height at the 1st, 5th, 50th, 95th and 99th percentile of each birth cohort. At the 1st and 5th percentiles in both sexes, weight and height remained stable across all birth cohorts. At the higher percentiles, a trend towards weight increase in later birth cohorts was observed, while there was only a slight increase in height across cohorts. The change in weight over time was highest at the 95th and 99th percentiles (Table S1) , with an increase of about 20 kg across all birth cohorts among late adolescent males. A similar trend is noted among females, suggesting that in both sexes children became heavier, and the difference between the median and highest weight increased. The upward shift in weight percentiles paralleled the shifts in the BMI z-score distributions (Fig. 1) . In a standardized linear regression model, weight (β = 0.15 SD increase in weight/decade of birth year, p < 0.0001) was more strongly associated with birth cohort than was height (β = 0.08 SD increase in height/decade of birth year, p < 0.0001), after controlling for age and sex (Table S2) .
Secular changes in weight and height
Incidence of obesity in birth cohorts
To compare the development of obesity across birth cohorts, the incidence rate of obesity within each cohort was calculated for 3190 children with at least one follow-up exam (Table S3) . Mean age at baseline was 8.6 years, with a mean follow-up time of 5.7 years. The age-sex adjusted incidence rate rose from 32 cases per 1000 person-years in the 1955-1964 cohort to 72 cases per 1000 person-years in the 1985-1994 cohort, a significant linear trend (p < 0.0001).
Longitudinal changes in weight group
Of the 1737 children with research exams in all three age categories, 462 (27%) were obese and 300 (17%) were overweight at the first exam. Of the obese children, 433 (94%) were still obese at the second exam, and 420 (91%) were obese at the last exam. Only 42 (9.1%) children who were obese at ages 5-9 decreased their weight status to overweight or normal weight by ages 14-17 (Fig. 2) . Of those children who were overweight at the first exam, 161 (54%) were obese by the second exam, and 181 (60%) were Table 1 Demographic characteristics and BMI (raw, percentile and z-scores) stratified by age categories and birth cohort Obesity trends in American Indian children | 97 obese by the last exam, compared with only 54 (18%) who were normal weight by the last exam. Thus, being overweight at age 5-9 years increases the likelihood of persistent overweight and obesity in adolescence. Persistent overweight or obesity was even more pronounced in later birth cohorts (Fig. 2) . In the 1955-1964 birth cohort, 43% of overweight children in pre-adolescence were obese by late adolescence; by [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] , that figure increased to 74%. Figure 2a illustrates that the first transition from preto early adolescence was associated with a greater trend towards obesity across birth cohorts than the second transition in Fig. 2b , suggesting that this first transition plays an important role in the increased prevalence of obesity. Rate of weight gain varied with birth cohort (Table S4) ; from pre-to late adolescence, girls in the 1955-1964 birth cohort gained a median of 4.99 kg/year, while girls in the 1985-1994 cohort gained a median of 6.26 kg/year. For boys, the corresponding median rates were 5.50 kg/year and 7.14 kg/year, respectively.
Obesity trend compared with NHANES: Fig. S2 shows the median BMI across the different birth cohorts in males (S2a) and females (S2b) among our AI cohort and the Caucasians in the NHANES national surveys. Both groups demonstrate a rising trend in obesity over the decades, while the BMI medians were higher in the AIs in all age, sex and birth year groups.
Discussion
This study describes the secular changes in growth among AI children and adolescents in a southwestern community over four decades. Within each age and sex category, the distribution of height remained fairly stable across birth cohorts; in contrast, the distribution of weight widened with each birth cohort, as the 95th and 99th percentile of weight rose faster than the lower percentiles. For boys ages 14-17, the median height rose by only 2 cm from 1955-1964 to 1985-1994 , but the median weight rose by almost 20 kg. These secular trends are reflected by an increase in the prevalence of obesity in all age categories, and an overall shift in BMI towards higher CDC-standardized z-scores, indicating that not only is the prevalence of obesity rising, but the heaviest children are getting heavier. Similar secular trends in obesity in recent decades have been observed among Navajo youth, in whom obesity begins early in childhood. (11) Prevalence of obesity among native population groups such as Canadian Aboriginal youth and adults has been shown to be higher compared to the rest of the population. (12) In a subset of children for whom we had follow-up data, those who were normal or overweight at ages 5-9 in the later birth cohorts were more likely to become obese than their counterparts in the earlier cohorts. Even within the normal weight category, children in the 1985-1994 cohort gained more weight than their counterparts in 1955-1964 Figure 2 Weight status transitions across age groups, by birth cohort. Weight status transitions from pre-adolescence (ages 5-9) to early adolescence (ages 10-13) (A), from early to late adolescence (ages 14-17) (B) and from pre-to late adolescence (C). p values reflect a test for trend over birth cohorts within each baseline weight status.
between ages 5-9 and 10-13. This increase in weight gain is also reflected in the incidence rate of obesity, which is over twice as high in the latest birth cohort compared with the earliest birth cohort. When compared with Caucasian children and adolescents in the US stratified by age and birth groups, a similar trend in obesity was observed in both groups although the magnitude was higher among our AI population.
In many developed countries, increases in adult height that were attributed to improved nutrition and health practices plateaued after World War II. (13) We similarly found little increase in height among southwestern AI study participants in recent years. This parallel may suggest that the social and environmental obesogenic factors observed nationally are also at play in this study population. 'Toxic food environments,' characterized by cheap calorie-dense fast food, sugar-sweetened beverages and processed foods, may have contributed to the increasing risk of obesity, which is further compounded by lack of access to safe play areas, and increased screen time. (14) These factors have promoted rapid weight gain, especially among minority children. (14) Our study extends past findings by showing that obesity is present in children as young as 5-9 years of age, and that the majority of these children remain obese throughout adolescence. Children who were overweight or obese at ages 5-9 gained more weight each year than those who were normal weight at ages 5-9; further studies are needed to assess if interventions to treat early childhood obesity are effective in helping overweight or obese children transition back to a normal weight. Weight group tracking is stronger in the later birth cohorts, suggesting that the more recent sociocultural environment is more obesogenic. Similar findings of positive weight tracking are observed in other studies, which also report an inverse relationship between socioeconomic prosperity and weight gain.(15,16) Entrenched obesity that emerges at a very young age and persists into adolescence and even adulthood is more common among minority and disadvantaged children. (17) The dramatic increase in weight and sharp rise in obesity observed in this study population may reflect rapid lifestyle changes. The post-World War II era saw a shift from an indigenous to a Western diet, which was associated with increased risk for metabolic abnormalities, including type 2 diabetes mellitus, especially among the youth in this southwest AI population. (18, 19) Earlier studies have attributed the post-World War II surge in the prevalence of obesity among adults in this population to increasingly Westernized lifestyles. (20) Our study shows a continued pattern of increased risk for childhood obesity in more recent birth cohorts, extending previous observations through 1996 of increasing age-sex-specific percentiles of weight relative to height and age. (21) Several studies have also shown that the risks for obesity in childhood begin with maternal diabetes, suggesting a potential link between the concurrent rise in adult diabetes and childhood obesity. (22) (23) (24) (25) A strength of this study lies in the large number of observations over four decades, including many participants with longitudinal follow-up from early childhood through late adolescence. Study limitations include a lack of data on children below five years of age. Generalizability of the findings in this AI community in the southwestern US is uncertain, but an increasing prevalence of obesity has been observed in virtually all racial and ethnic groups worldwide, suggesting that our findings may be relevant to other populations.
Childhood obesity is associated with an increased risk for many comorbid conditions, and has longterm adverse health outcomes. A recent study in the same AI population showed that BMI in 5-19 year olds is a significant predictor of type 2 diabetes, independent of 2-h post-load plasma glucose levels, and rates of premature mortality (before age 55 years) from endogenous causes were more than double among those in the highest quartile of BMI than among those in the lowest quartile. (26, 27) Previous studies have demonstrated an alteration in cardio-metabolic risk measures in preschool and middle school children in parallel with shifts in BMI category, confirming that biochemical changes including hyperglycemia and dyslipidemia as well as fatty liver buildup occur acutely in the very young. (28, 29) Further, analyses from the Bogalusa Heart Study demonstrated a direct positive relationship between childhood obesity and increased risk factors for coronary heart disease in adulthood. (30) These findings underline the importance of understanding the patterns of obesity and weight gain in children, and developing preventive and therapeutic strategies.
In a southwestern AI population, the prevalence of obesity was higher in more recent birth cohorts; children in these cohorts also had a higher likelihood of becoming obese at an earlier age and remaining obese throughout adolescence. Increasing incidence rates of obesity indicate that childhood obesity preventive measures in this population need to be strengthened, and should be targeted at pre-and early adolescence.
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